Abstract: By analyzing the large-angle Bhabha scattering events e + e − → (γ)e + e − and diphoton events e + e − → γγ for the data sets collected at center-of-mass (c.m.) energies between 2.2324 and 4.5900 GeV (131 energy points in total) with the upgraded Beijing Spectrometer (BESIII) at the Beijing Electron-Positron Collider (BEPCII), the integrated luminosities have been measured at the different c.m. energies, individually. The results are the important inputs for R value and J/ψ resonance parameter measurements.
1
Abstract: By analyzing the large-angle Bhabha scattering events e + e − → (γ)e + e − and diphoton events e + e − → γγ for the data sets collected at center-of-mass (c.m.) energies between 2.2324 and 4.5900 GeV (131 energy points in total) with the upgraded Beijing Spectrometer (BESIII) at the Beijing Electron-Positron Collider (BEPCII), the integrated luminosities have been measured at the different c.m. energies, individually. The results are the important inputs for R value and J/ψ resonance parameter measurements.
Key words: luminosity, Bhabha, diphoton, R value PACS numbers: 13.66.De, 13.66.Jn
I. INTRODUCTION
Hadron production in e + e − annihilation is one of the most valuable testing grounds for Quantum Chromodynamics (QCD), and is an important input for precision tests of the Standard Model (SM). The R value, which is defined as the lowest level hadronic cross section normalized by the theoretical µ + µ − production cross section in e + e − annihilation, is an indispensable input for the determination of the non-perturbative hadronic contribution to the electromagnetic coupling constant evaluated at the Z pole (α(M 2 Z )) [1, 2] , and the anomalous magnetic moment a µ = (g − 2)/2 of the muon [3] . The dominant uncertainties in both α(M 2 Z ) and a µ measurements are due to the effects of hadronic vacuum polarization, which cannot be reliably calculated in the low energy region. Instead, with the application of dispersion relations, experimentally measured R values can determine the effect of vacuum polarization.
In experiment, the R value is determined by
where N obs had is the number of observed hadronic events, N bkg had is the number of background events, L is the integrated luminosity, ε had is the detection efficiency for the hadron event selection, ε trig had is the trigger efficiency, 1 + δ is the initial state radiation (ISR) correction factor, and σ 0 µµ is the Born cross section of e + e − → µ + µ − . Therefore, the measurement of integrated luminosity plays an important role in the R value measurement.
Quantum electrodynamics (QED) processes can usually be used to determine the integrated luminosity due to larger production rates, simpler final state topologies and more accurate cross section calculation in theory relative to the other processes. The integrated luminosity is measured by
where N obs QED is the number of the QED events observed in the experimental data, N bkg QED is the number of background events, σ QED is the cross section of the selected QED process, ε QED is the detection efficiency and ε trig QED is the trigger efficiency.
In this paper, we present the measurements of lumonisities of the R scan data samples taken at BESIII from 2012 to 2014. detector has a geometrical acceptance of 93% of 4π and has four main detector sub-components: (1) A small-cell, helium-based (60% He, 40% C 3 H 8 ) main drift chamber (MDC) with 43 layers providing an average single-hit resolution of 135 µm, and charged-particle momentum resolution in a 1 T magnetic field of 0.5% at 1 GeV/c. (2) An electromagnetic calorimeter (EMC) consisting of 6240 CsI(Tl) crystals in cylindrical structure arranged in a barrel and two end-caps. The energy resolution at 1.0 GeV/c is 2.5% (5%) in the barrel (endcaps), and the position resolution is 6 mm (9 mm) in the barrel (endcaps). 
III. DATA SAMPLE AND MONTE CARLO SIMULATION
The measurements of luminosities are performed for 131 data samples, including 4 energy points at 2.2324, 2.4000, 2.8000, 3.4000 GeV taken at the 2012 run, 104 energy points from 3.8500 to 4.5900 GeV taken at the 2013-2014 runs, 15 energy points near the J/ψ production threshold, 4 energy points during the τ mass measurement and 4 energy points for charmonium studies.
The e + e − → (γ)e + e − , γγ and (γ)µ + µ − events are simulated with the generator Babayaga v3.5 [5] . The background process of e + e − → τ + τ − is generated with the KKMC [6] , while the e + e − → hadrons and e + e − → e + e − + X (X can be hadrons or leptons) events are generated with LUARLW [7] and BesTwogam [8] , respectively.
IV. ANALYSIS
The e + e − → (γ)e + e − events are required to have two good charged tracks with opposite charge. Each charged track is required to be within ±10 cm of the interaction point in the beam direction and 1 cm in the plane perpendicular to the beam. In addition, the charged tracks are required to be within | cos θ| < 0.8, where θ is the polar angle, in the MDC. Without applying further particle identification, the tracks are assigned as electron and positron depending on their charges. The deposited energies of electron and positron (E e ± ) in the EMC are required to be larger than 0.65 × E beam to suppress backgrounds, where E beam is the beam energy. To make sure the the selected charged tracks are back-to-back in the c.m. system, |∆θ e ± | = |θ 1 + θ 2 − 180
• | < 10.0
• and |∆φ e ± | = ||φ 1 − φ 2 | − 180
• | < 5.0
• are required, where θ 1/2 and φ 1/2 are the polar and azimuthal angles of the two charged tracks, respectively. Figure 1 shows the comparisons of the momentum and polar angle distributions of electron and positron between experimental data and Monte Carlo (MC) simulation at √ s = 2.2324 GeV, the good agreements are observed.
To select e + e − → γγ events, the number of good charged tracks is required to be zero. Two neutral clusters are required to have a polar angle | cos θ| < 0.8 with the deposited energy E γ satisfied 0.7 < E γ /E beam < 1.16. The two selected photon candidates are further required to be back to back by applying the requirement
• , where φ γ1/2 are the azimuthal anlge of the photons. Figure 2 shows the comparisons of the enegy deposition, polar angle and ∆φ γ distributions of two selected photons between experimental data and MC simulation at √ s = 2.2324 GeV.
The numbers of observed QED events, N obs QED , are obtained by event-counting after applying the event selection requirements on experimental data at different c.m. energies, individually. The detection efficiencies of signals, ε QED , are obtained by analyzing the corresponding signal MC events as done in data analysis. The cross sections of selected QED processes are calculated with the Babayaga v3.5 generator and the trigger efficiencies are quoted from Ref. [9] .
To estimate the numbers of background events, N bkg QED , two different methods are applied for e + e − → (γ)e + e − and e + e − → γγ processes, individually. In e + e − → (γ)e + e − process, the numbers of background events are estimated by performing the same requirements on the background MC samples, which yields a background level of 10 −5 after normalization. In e + e − → γγ process, the background level is relatively large due to the hadronic process contamination. The normalized numbers of background events from e + e − → γγ are estimated from the ∆φ γ sideband region, defined as 2.5
• < |∆φ γ | < 5.0
• . The distributions of the ∆φ γ sideband is supposed to be flat by analyzing the background MC samples. The main systematic uncertainties of the integrated luminosity are originated from the uncertainties related to the requirements on the kinematic variables, tracking efficiency, cluster reconstruction efficiency, c.m. energy, MC statistics, background estimation, trigger efficiency and generators.
For the systematic uncertainty from requirements on each kinematic variable, we re-measure the luminosity by altering the required values, i.e., | cos θ| < 0.8, |∆θ e ± | < 10
• , |∆φ e ± | < 5
• , |∆φ γ | < 2.5
• , E e ± /E beam > 0.65 and 0.7 < E γ /E beam < 1.16, individually. The resultant differences of measured luminosity with respective to the nominal value are taken as the systematic uncertainty.
To study the uncertatinty of tracking efficiency, a Bhabha event sample is selected with only EMC information [10] . The candidate events are selected by requiring the two clusters registered in the EMC with the deposited energy larger than 0.65 × E beam and lied within the polar angle | cos θ| < 0.8, corresponding to the angular coverage of the barrel EMC. Since the two clusters originated from e ± in the e + e − → (γ)e + e − candidate events are bent in the magnetic field, the two shower clusters in the xy-plane of the EMC are not back-to-back. ∆φ e ± is required to be in the range of [−40
• ] to remove the e + e − → γγ events. We further apply the MDC information on the selected candidates, and the ratio of survived events is regarded as the tracking efficiency. The average difference on the tracing efficiency between data and signal MC simulation, 0.41%, is taken as the systematic uncertainty.
The systematic uncertainty due to the cluster reconstruction efficiency in the EMC is determined to be 0.05% for e ± by comparing the cluster reconstruction efficiencies between data and signal MC (both for e + and e − ). Since high-energy γ and e ± behave in good approximation in the EMC, the value of 0.05% is also taken as the systematic uncertainty due to the cluster reconstruction efficiency in the EMC for a single γ.
The uncertainty of c.m. energy is estimated to be 2 MeV [11] . For each energy point, an alternative MC simulation sample of 1 million events with a c.m. energy of 2 MeV above the nominal value are generated to re-estimate the detection efficiency, the results difference is regarded as the systematic uncertainty from c.m. energy.
The uncertainty of MC statistics is 0.17% for the e + e − → (γ)e + e − process and 0.15% for the e + e − → γγ process, which is estimated by
where N is the number of signal MC events, and ε is the detection efficiency.
The rate of background events in the selected e + e − → (γ)e + e − candidate events is very small (10 −5 ). Therefore, the uncertainty due to background contamination is neglected. For e + e − → γγ events, the rate of background events is the normalized number of selected background events in the sideband region divided by the number of signal events, which are (1.53±0.03)% and (1.31±0.04)% for experimental data and the MC simulation, respectively. Therefore, the difference 0.23% is taken as uncertainty from background contamination.
The trigger efficiencies for barrel e + e − → (γ)e + e − events and e + e − → γγ events are 100% with an uncertainty of less than 0.1% [9] .
The uncertainty due to the Babayaga generator v3.5 is 0.5% for e + e − → (γ)e + e − , while 1.0% for e + e − → γγ [5] .
Systematic uncertainties at √ s = 2.2324 GeV for e + e − → (γ)e + e − and e + e − → γγ are listed in Table II . Assuming all sources of systematic uncertainties are uncorrelated, the total uncertainty is calculated to be 0.7% for e + e − → (γ)e + e − and 1.1% for e + e − → γγ by adding all the contributions in quadrature. The uncertainties related with the tracking efficiency, cluster reconstruction efficiency, trigger efficiency and generators are common between the different c.m. energy points, while others are c.m. energy dependent and are determined for the different c.m. energy points, individually. are signal MC simulation. The MC entries are normalized to the experimental data. The discrepancy in the deposited energy distributions is due to the imperfect simulation of energy correction deposited in TOF. However, it will not affect the efficiency since loose requirements on these variables are applied. The uneven distribution of cosθ is due to the structure of crystals in the EMC. Table III . The ratio of the measured luminosity from two process is illustrated in Fig. 3 . The ratios are closed to 1 within the uncertainties, which indicates the results from the two measurements are consistent well with each other. For each energy point out of the J/ψ resonance region, the luminosity measured by e + e − → (γ)e + e − is more precise and thus is recommended. For energy points around J/ψ (from 3.0930 to 3.1200 GeV), only the luminosities measured by e + e − → γγ are obtained. The measured results are the important inputs for the physics studies, e.g., R value measurement and J/ψ resonance parameter measurement. The ratios of luminosities measured by e + e − → (γ)e + e − and e + e − → γγ. The major plot is for the data samples with c.m. energy larger than 3.8500 GeV, while others are shown in the insert plot, the two methods give fully compatible results within the quoted uncertainties.
